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METHOD AND APPARATUS FOR 
GENERATING OPTIMAL PATH FOR AN 

UNMANNED AERIAL VEHICLE 

CROSS - REFERENCE TO RELATED 
APPLICATIONS 

[ 0001 ] The present application claims the benefit of pri 
ority to Korean Patent Application No. 10-2020-0031573 
filed on Mar. 13 , 2020 and No. 10-2021-0027847 filed on 
Mar. 3 , 2021 with the Korean Intellectual Property Office 
( KIPO ) , the entire contents of which are incorporated herein 
by reference . 

and local path plans separately . In a process of smoothly 
connecting the N waypoints 40 as shown in portions ( a ) and 
( b ) of FIG . 3 , a new collision may occur with a surrounding 
obstacle . 
[ 0009 ] In case that a problem may occur as in a case 
shown in portions ( a ) and ( b ) of FIG . 4 , a method of adding 
an auxiliary waypoint 41 between two adjacent waypoints 
40 can be contemplated as shown in portion ( c ) of FIG . 4 . 
FIG . 4 shows an example of adding the auxiliary waypoint 
41 between the two adjacent waypoints 40 to derive a 
desirable result . 
[ 0010 ] In this case , however , the auxiliary waypoint 41 
does not always guarantee a safe path . Furthermore , infinite 
number of auxiliary waypoints may be required occasionally 
to correct the path for preventing collisions with surrounding 
obstacles . 
[ 0011 ] As another potential problem , boundary conditions 
to be satisfied in adjacent segments may be changed due to 
the addition of the auxiliary waypoint as shown in FIG . 5. In 
other words , a shape of the path having been generated 
previously may be changed in adjacent segments , which 
may result in collision points 20 where the changed path 
may interfere with surrounding obstacles as shown in FIG . 
5 . 

BACKGROUND 

1. Technical Field 

[ 0002 ] The present disclosure relates to a path generation 
technology for an unmanned aerial vehicle and , more par 
ticularly , to a method and apparatus for generating an 
optimal path of the unmanned aerial vehicle to avoid 
obstacles detected by a sensor in a terrain with obstacles 
during an autonomous flight of the unmanned aerial vehicle . 

2. Related Art 
SUMMARY [ 0003 ] An unmanned aerial vehicle ( UAV ) refers to a 

drone that can fly without a pilot on board . The unmanned 
aerial vehicle can fly autonomously or semi - autonomously 
according to a remote control of the pilot on the ground or 
according to a pre - programmed path . Recently , the autono 
mous flight technology of the unmanned aerial vehicle is 
attracting attention . 
[ 0004 ] FIG . 1 is a block diagram of an apparatus for 
enabling an autonomous flight of a general unmanned aerial 
vehicle , and FIG . 2 illustrates an example of a flight path 
plan for the autonomous flight of the unmanned aerial 
vehicle . 
[ 0005 ] As shown in FIG . 1 , an unmanned aerial vehicle 
100 generally includes a path planning module 110 , an 
environment recognition module 120 , and a flight control 
module 130. The unmanned aerial vehicle 100 recognizes its 
surrounding environment , establishes a flight path , and 
controls a flight using such modules to perform the autono 
mous flight . 
[ 0006 ] In particular , when generating the flight path of the 
unmanned aerial vehicle , the path planning module 110 
generally establishes a global path planning , shown in 
portion ( a ) of FIG . 2 , to determines N - tuple waypoints 
arbitrarily between a starting point and a goal point and a 
local path plan , shown in portion ( b ) of FIG . 2 , to connect 
the N waypoints by a smooth curve . The local path plan is 
usually established after the establishment of the global path 
planning 
[ 0007 ] Though a flight path consisting of straight line 
segments connecting the N waypoints may be considered to 
be a shortest path , such a path is not desirable because the 
path has an infinite curvature at each of the waypoints , and 
a flight according to such a path may require a motor control 
command for generating an actuation force larger than a 
limit of the motor and may cause an overload on the 
unmanned aerial vehicle . 
[ 0008 ] FIG . 3 illustrates a potential problem that may 
occur when a smooth curve connecting the N waypoints is 
generated under a general path plan which designs the global 

[ 0012 ] To solve the problems above , provided are a 
method and apparatus for generating a new flight path for an 
unmanned aerial vehicle that is safe enough to prevent from 
a collision with a surrounding obstacle . 
[ 0013 ] Also , provided are a method and apparatus for 
generating an optimal flight path for an unmanned aerial 
vehicle that ensures safety without adding any auxiliary 
waypoint . 
[ 0014 ] Also , provided are a method and apparatus for 
generating an optimal flight path for an unmanned aerial 
vehicle based on an integrated path plan taking into account 
waypoints as well as a smooth path connecting the way 
points . 
[ 0015 ] Additional objects and advantages of the present 
disclosure can be understood by the following description 
and will become more apparent by exemplary embodiments 
of the present disclosure . Also , it will be readily appreciated 
that the objects and advantages of the present disclosure can 
be implemented by each means specified in the claims and 
combinations thereof . 
[ 0016 ] According to an aspect of an exemplary embodi 
ment , a method of generating an optimal path for an 
unmanned aerial vehicle includes : receiving , through a 
receiving unit , a map including surrounding terrain infor 
mation , current state information of the unmanned aerial 
vehicle , and detection information of a sensor mounted on 
the unmanned aerial vehicle ; populating , by a processor 
connected to the receiving unit , an arbitrary number of 
particles on a three - dimensional ( 3D ) map having obstacles 
between a starting point and a goal point set based on the 
current state information ; setting initial positions and veloc 
ity vectors of the particles ; updating positions and the 
velocity vectors of the particles ; calculating fitness function 
values based on the positions and the velocity vectors of the 
particles ; setting the initial positions and the velocity vectors 
of the particles , updating the positions and the velocity 
vectors of the particles , and calculating the fitness function 
values based on the positions and the velocity vectors of the 
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sensor 

particles to establish an integrated path plan that generates 
one or more waypoints between the starting point and the 
goal point with taking into account a trajectory connecting 
adjacent waypoints , and optimizing the trajectory connect 
ing the starting point , the one or more waypoints , and the 
goal point using a particle swarm optimization algorithm 
under the integrated path plan . 
[ 0017 ] According to another aspect of an exemplary 
embodiment , an apparatus for generating an optimal path for 
an unmanned aerial vehicle includes : a receiving unit con 
figured to receive a map including surrounding terrain 
information , current state information of the unmanned 
aerial vehicle , and detection information of a 
mounted on the unmanned aerial vehicle ; and a processor 
connected to the receiving unit and configured to distribute 
a number of particles on a three - dimensional ( 3D ) map 
having obstacles between a starting point and a goal point set 
based on the current state information , set initial positions 
and velocity vectors of the particles , update positions and the 
velocity vectors of the particles , calculate fitness function 
values based on the positions and the velocity vectors of the 
particles , and determine one or more waypoints between the 
starting point and the goal point and a trajectory connecting 
the starting point , the one or more waypoints , and the goal 
point to generate the optimal path . 
[ 0018 ] According to yet another aspect of an exemplary 
embodiment , an apparatus for generating an optimal path for 
an unmanned aerial vehicle includes : an acquisition unit 
configured to receive a map including surrounding terrain 
information , current state information of the unmanned 
aerial vehicle , and detection information of a 
mounted on the unmanned aerial vehicle ; a particle distri 
bution processing unit configured to distribute a number of 
particles on a three - dimensional ( 3D ) map having obstacles 
between a starting point and a goal point set based on the 
current state information ; a setting unit configured to set 
initial positions and velocity vectors of the particles ; an 
update unit configured to update positions and the velocity 
vectors of the particles ; a calculation unit configured to 
calculate fitness function values based on the positions and 
the velocity vectors of the particles ; a generation unit 
configured to calculate the fitness function values based on 
the positions and the velocity vectors of the particles , 
establish an integrated path plan that generates one or more 
waypoints between the starting point and the goal point with 
taking into account a trajectory connecting adjacent way 
points , and generate the trajectory connecting the starting 
point , the one or more waypoints , and the goal point using 
a particle swarm optimization algorithm under the integrated 
path plan . 
[ 0019 ] According to an aspect of another exemplary 
embodiment , an apparatus for generating an optimal path for 
an unmanned aerial vehicle includes : a receiving unit con 
figured to receive terrain information in a map and current 
state information of the unmanned aerial vehicle ; and a 
processor configured to generate the optimal path of the 
unmanned aerial vehicle by establishing an integrated path 
plan that generates N waypoints and a trajectory connecting 
the N waypoints by using a particle swarm optimization 
algorithm . 
[ 0020 ] In an embodiment , the processor may uniformly 
distribute an arbitrary number of particles in the map by 
using received terrain information in the map for the particle 
swarm optimization . 

[ 0021 ] According to an aspect of yet another exemplary 
embodiment , a method of generating an optimal path for an 
unmanned aerial vehicle includes : obtaining terrain infor 
mation in a map ; obtaining current state information of the 
unmanned aerial vehicle , and establishing an integrated path 
plan to generate the optimal path comprising optimal way 
points . When the integrated path plan is established for a first 
time , the operation of generating the optimal path includes : 
distributing an arbitrary number of particles in a 3D map to 
use a particle swarm optimization algorithm ; setting initial 
positions and velocity vectors of the particles ; and calculat 
ing fitness function values for the particles . When it is not 
the first time that the integrated path plan is established , the 
operation of generating the optimal path includes : updating 
the positions and the velocity vectors of the particles ; and 
calculating fitness function values for the particles . 
[ 0022 ] According to an aspect of still yet another exem 
plary embodiment , a program for generating an optimal path 
for an unmanned aerial vehicle may be stored in a non 
transitory computer - readable medium and executable by a 
computer to cause the computer to : obtain terrain informa 
tion in a map , obtain current state information of the 
unmanned aerial vehicle , and establish an integrated path 
plan to generate the optimal path comprising optimal way 
points and a trajectory . When the integrated path plan is 
established for a first time , the operation of generating the 
optimal path includes : distributing an arbitrary number of 
particles in a 3D map to use a particle swarm optimization 
algorithm ; setting initial positions and velocity vectors of the 
particles ; and calculating fitness function values for the 
particles . When it is not the first time that the integrated path 
plan is established , the operation of generating the optimal 
path includes : updating the positions and the velocity vec 
tors of the particles ; and calculating fitness function values 
for the particles . 
[ 0023 ] According to the present disclosure , the optimal 
path of the unmanned aerial vehicle may be generated by 
receiving the terrain information in the map and current state 
information of the unmanned aerial vehicle , generating N 
waypoints by a particle swarm optimization algorithm , and 
generating a trajectory connecting the waypoints . 
[ 0024 ] In addition , the present disclosure enables to gen 
erate the optimal path of the unmanned aerial vehicle in 
consideration of kinematic and dynamic feasibilities of the 
waypoints and a trajectory connecting adjacent waypoints . 
[ 0025 ] Also , the present disclosure may provide a method 
and apparatus for generating the optimal path for the 
unmanned aerial vehicle that does not use auxiliary way 
points . 
[ 0026 ] The present disclosure can enhance the flight safety 
during the autonomous flight of the unmanned aerial 
vehicle . 

sensor 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0027 ] FIG . 1 is a block diagram of an apparatus for 
enabling an autonomous flight of a general unmanned aerial 
vehicle ; 
[ 0028 ] FIG . 2 illustrates an example of a flight path plan 
for an autonomous flight of a general unmanned aerial 
vehicle ; 
[ 0029 ] FIG . 3 illustrates a potential problem that may 
occur under a general flight path plan ; 
[ 0030 ] FIG . 4 illustrates an example of a conventional 
method for solving the problem shown in FIG . 3 ; 
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[ 0031 ] FIG . 5 illustrates a potential problem that may 
occur when the method of FIG . 4 is applied ; 
[ 0032 ] FIG . 6 is a conceptual diagram depicting a method 
of generating an optimal path for an unmanned aerial vehicle 
according to an embodiment of the present disclosure ; 
[ 0033 ] FIG . 7 is a flowchart illustrating a method of 
generating an optimal path for an unmanned aerial vehicle 
according to an embodiment of the present disclosure ; 
[ 0034 ] FIG . 8 is an illustration of an exemplary optimal 
path generated by determining all waypoints according to a 
starting point and a goal point of an unmanned aerial vehicle 
which may employ the method of FIG . 7 ; 
[ 0035 ] FIG . 9 is a block diagram of the optimal path 
generating apparatus of the unmanned aerial vehicle accord 
ing to another embodiment of the present disclosure ; 
[ 0036 ] FIG . 10 illustrates an example of a simulation 
environment that may be used for the optimal path gener 
ating apparatus of the unmanned aerial vehicle shown in 
FIG . 9 ; 
[ 0037 ] FIG . 11 illustrates a result of recognizing obstacles 
by the unmanned aerial vehicle in the environment of FIG . 
10 ; 
[ 0038 ] FIGS . 12A and 12B illustrate simulation results in 
the environment having obstacles shown in FIGS . 10 and 11 ; 
[ 0039 ] FIG . 13 show graphs representing time response 
characteristics of state variables among the simulation 
results of FIGS . 12A and 12B ; and 
[ 0040 ] FIG . 14 illustrates a planned path and an actual 
trajectory among the simulation results of FIGS . 12A and 
12B . 

DETAILED DESCRIPTION 

used to refer a presence of a combination of enumerated 
features , numbers , processing steps , operations , elements , or 
components , but are not intended to exclude a possibility of 
a presence or addition of another feature , number , process 
ing step , operation , element , or component . 
[ 0045 ] Unless defined otherwise , all terms used herein , 
including technical or scientific terms , have the same mean 
ing as commonly understood by those of ordinary skill in the 
art to which the present disclosure pertains . Terms such as 
those defined in a commonly used dictionary should be 
interpreted as having meanings consistent with meanings in 
the context of related technologies and should not be inter 
preted as having ideal or excessively formal meanings 
unless explicitly defined in the present application . 
[ 0046 ] Hereinafter , embodiments of the present disclosure 
will be described in more detail with reference to the 
accompanied drawings . In describing the present disclosure , 
in order to facilitate an overall understanding thereof , the 
same components are designated by the same reference 
numerals in the drawings and are not redundantly described 
here . 
[ 0047 ] In the present disclosure , a signal reflected from an 
obstacle or a target outside an unmanned aerial vehicle may 
be used as a term having a same meaning as a target signal . 
Also , particles may correspond to a plurality of candidate 
waypoints on a path through which the unmanned aerial 
vehicle will travel . 
[ 0048 ] The embodiments of the present disclosure will 
now be described with reference to the accompanied draw 
ings . 
[ 0049 ] FIG . 6 is a conceptual diagram depicting a method 
of generating an optimal path for an unmanned aerial vehicle 
according to an embodiment of the present disclosure . 
[ 0050 ] Referring to FIG . 6 , the method of generating an 
optimal path for an unmanned aerial vehicle , which gener 
ates the optimal path in an optimal path generation apparatus 
300 implementable by at least a part of a computing device 
for use in an autonomous flight of the unmanned aerial 
vehicle , involves an integrated path plan 330 which is a 
configuration for solving problems inherent to a division 
into a global path planning 310 and a local path plan 320 . 
Each of the global path planning 310 , the local path plan 
320 , and the integrated path plan 330 may correspond to a 
first module or a global path planning module having a 
format of software module , a second module or a local path 
planning module , and a third module or an integrated path 
planning module , respectively , or to configuration units 
which perform respective functions or operations performed 
by the modules . However , the present disclosure is not 
limited thereto . 
[ 0051 ] That is , the method of generating the optimal path 
for the unmanned aerial vehicle according to the present 
embodiment establishes the integrated path plan 330 gener 
ating N waypoints between a starting point and a goal point 
with taking into account path connecting adjacent way 
points . Afterwards , the method optimizes the path using a 
particle swarm optimization to generate optimal waypoints 
and the optimal path . 
[ 0052 ] FIG . 7 is a flowchart illustrating the method of 
generating the optimal path for the unmanned aerial vehicle 
according to an embodiment of the present disclosure . FIG . 
8 is an illustration of an exemplary optimal path generated 
by determining all waypoints according to the starting point 

[ 0041 ] For a more clear understanding of the features and 
advantages of the present disclosure , exemplary embodi 
ments of the present disclosure will be described in detail 
with reference to the accompanied drawings . However , it 
should be understood that the present disclosure is not 
limited to particular embodiments and includes all modifi 
cations , equivalents , and alternatives falling within the idea 
and scope of the present disclosure . 
[ 0042 ] The terminologies including ordinals such as 
“ first ” and “ second ” designated for explaining various com 
ponents in this specification are used to discriminate a 
component from the other ones but are not intended to be 
limiting to a specific component . For example , a second 
component may be referred to as first component and , 
similarly , a first component may also be referred to as a 
second component without departing from the scope of the 
present disclosure . As used herein , the term “ and / or ” 
includes any and all combinations of one or more associated 
items . 
[ 0043 ] When a component is referred to as being " con 
nected ” or “ coupled ” to another component , it means that 
the component is connected or may be connected logically 
or physically to the other component . In other words , it is to 
be understood that the component or may be connected or 
coupled to the other component indirectly through an object 
therebetween instead of being directly connected or coupled 
to the other component . 
[ 0044 ] The terminologies are used herein for the purpose 
of describing particular embodiments only and are not 
intended to limit the disclosure . The singular forms include 
plural referents unless the context clearly dictates otherwise . 
Also , the expressions " ' ~ comprises ” and includes ” are 
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and the goal point of the unmanned aerial vehicle which may 
employ the method of FIG . 7 . 
[ 0053 ] In the present embodiment , the term “ global path 
planning ' may refer to a plan for determining the N way 
points that must be passed to move from the starting point 
to the goal point in consideration of the geometric con 
straints for the unmanned aerial vehicle to move safely to the 
desired goal point without colliding with any surrounding 
obstacle . The term “ local path plan ’ may refer to a plan for 
connecting the N waypoints by a smooth curve to facilitate 
a movement of the unmanned aerial vehicle in consideration 
of the dynamic capabilities of the unmanned aerial vehicle . 
[ 0054 ] Referring to FIG . 7 , according to the method of 
generating an optimal path for an unmanned aerial vehicle , 
an optimal path generating apparatus including a computing 
device first obtains terrain information from a map 8700 and 
obtains current state information of the unmanned aerial 
vehicle S701 . 
[ 0055 ] Here , the terrain information in the map may 
include , for the integrated path plan , the terrain information 
in a three - dimensional ( 3D ) map of an area where the 
unmanned aerial vehicle is to fly and may include informa 
tion on a preset starting point and a goal point . 
[ 0056 ] The terrain information in the 3D map may be 
received from an external module capable of recognizing an 
environment or may be acquired by a module in the device 
capable of recognizing the environment . The terrain infor 
mation in the 3D map may include information on the terrain 
in the 3D map and obstacles to be avoided when the path is 
generated , for example . 
[ 0057 ] The current state information of the unmanned 
aerial vehicle may be received from an external module 
controlling the flight or may be acquired by a flight control 
module in the device , for example . For example , the current 
state information may include an initial position , a current 
position , a velocity , an orientation , and an orientational 
angular velocity of the unmanned aerial vehicle . The orien 
tation information include orientational angles with respect 
to three axes ( i.e. , X - axis , y - axis , and z - axis ) , and the 
orientational angular velocity may include a rotational angu 
lar speed with respect to each axis . Of course , however , the 
present disclosure is not limited thereto . 
[ 0058 ] Next , it may be determined whether the integrated 
path plan is established for the first time or not since an 
operation of the optimal path generating apparatus of the 
unmanned aerial vehicle S702 . In case that it is determined 
that it is the first time for the optimal path generating 
apparatus to establish the integrated path plan since its 
operation ( i.e. , Yes ' is selected in the operation S702 ) , a 
number of particles may be distributed on the 3D map where 
the unmanned aerial vehicle exists or will exist , such that the 
particles are distributed uniformly on the 3D map , in order 
to use the particle swarm optimization algorithm in step 
S703 . The uniform distribution of the particles may mean 
uniformly distributing the particles at locations where the 
unmanned aerial vehicle can exist using the terrain infor 
mation in the map . 
[ 0059 ] These particles may be candidate waypoints which 
may become the waypoints . Since each of the particles is not 
fixed at its initial position but can be updated continuously , 
the initial position and velocity of each particle may be set 
randomly S704 . 
[ 0060 ] For example , a current position of each particle 

iter may be represented by a current position vector x , and an 

initial velocity of each particle may be represented by a 
velocity vector u iter . And , a previous position or an initial 
position of each particle may be represented by a previous 
position vector xs iter - 1 with an index indicating a previous 
timing . The initial velocity vector may be set to zero vector . 
That is , the each particle in an initial step may be set to be 
uniformly distributed in stationary states at respective posi 
tions . 
[ 0061 ] The particles distributed uniformly on the 3D map 
can exchange their position information and objective func 
tion values or fitness values with other particles , and can 
change their positions and velocities continuously based on 
the fitness values and position information received from the 
other particles . 
[ 0062 ] In addition , the particles can memorize the posi 
tions where they have stayed and can exchange information 
about such positions with each other . As a result , the 
particles can share a position associated with an optimal 
fitness value in a cluster of the particles . 
[ 0063 ] Thus , according to the present embodiment , the 
particles continuously change their positions and velocities 
according to the particle swarm optimization algorithm to 
enable a determination of the position associated with the 
optimum value on the 3D map . Accordingly , it is possible to 
find optimal waypoints and generate the optimal path for the 
unmanned aerial vehicle connecting the waypoints . 
[ 0064 ] Here , in order that the optimal path is generated , a 
performance index that may be calculated by Equation 2 
should be minimized , which will be described below in more 
detail . 
[ 0065 ] Next , after the initial positions and velocities of the 
particles are determined , a fitness function value may be 
calculated for each of all the particles ( S706 ) . 
[ 0066 ] A fitness function J may be represented as Equation 
1 , for example , but it is not limited thereto . 

K [ Equation 1 ] 
J = P1 + 3 C { 1 - ( 8x ) } 

k = 1 

[ 0067 ] In the Equation 1 , ' k ' denotes a total number of 
constraints Sko and ct ' is a weighting factor which may be 
set to an arbitrary value sufficiently large , and II ( ) is a 
function that returns a value “ O ” when the constraint gk in the 
parentheses is satisfied while returning a value “ 1 ” when the 
constraint is not satisfied . 
[ 0068 ] Further , “ Pl ’ is the performance index which is 
desired to be minimized and may be set to the sum of the 
shortest distances between adjacent two particles as 
expressed by the Equation 2 . 

PI = || ( Xstart – Wx1 » Ystart – Wy? , Zstart – W21 ) || + [ Equation 2 ] 
N - 1 

l ( Wxit 1 – Wxz Wyji + 1 - W Wyn , W. zi + 1 - W21 ) | + 
i = 1 

|| ( x goal – Wxp » Ygoal – Wyn , Zgoal – Wzx | 

[ 0069 ] Here , ' ( Xstare.Y start start ) ' and ' ( xgoal Ygoal goal ) ' 
may represent the starting point and the goal point , e.g. , the 
starting point 801 and the goal point 805 , respectively , 
shown in FIG . 8 . 
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[ 0070 ] The constraints mentioned above may mean con 
ditions to be satisfied for generating the optimal path while 
avoiding surrounding obstacles and generating a dynami 
cally feasible path . 
[ 0071 ] An example of a first kinematic constraint may 
include that the N waypoints should reside inside the 3D 
map and be located outside an obstacle . In order that the 
optimal path is to be generated , a set of the N waypoints 
should be determined . In the present embodiment , the set of 
N waypoints may be expressed in a matrix form shown in 
Equation 3 . 

or not the constraints are satisfied by checking whether the 
nine discrete points are inside the 3D map and outside the 
obstacles . 
[ 0080 ] Referring back to FIG . 7 , if it is determined in the 
operation S702 that it is not the first time for the optimal path 
generating apparatus to establish the integrated path plan 
( i.e. , ‘ No’is selected in the operation S702 , the optimal path 
generating apparatus of the unmanned aerial vehicle may 
update the positions and the velocity vectors of the particles 
S705 before calculating the fitness function values for the 
particles S706 . 
[ 0081 ] The updating operation S705 may be repeatedly 
performed until satisfactory position vectors and velocity 
vectors of the particles are obtained through a process of 
determining whether or not a termination condition is sat 
isfied and the process of obtaining the current state infor 
mation of the unmanned aerial vehicle . 
[ 0082 ] The operation of updating the positions and the 
velocity vectors of the particles , S705 , may be performed 
according to Equations 4 and 5 . 

ter = Kugiter- + C1r1 ( ** , -Xg -1 ) + C212 ( ** -x iter ! ) [ Equation 4 ] 

Wx1 Wyi Wz1 [ Equation 3 ] 

WxN Wyn W VZN 

x ; ' y ; ' 

iter - 1 4 iter Sp 

iter 
Xs iter - 1 = X5 ruiter 

[ 0072 ] Here , ' ( w W- ) ' in first elements of each row 
of the matrix may represent X- , y- , and z - coordinates of i - th 
waypoint , and ‘ N ’ may denote a number of the waypoints 
excluding the starting point and the goal point . 
[ 0073 ] For example , in FIG . 8 where the starting point 801 
and the goal point 805 are illustrated , there are three 
waypoints , i.e. , a first waypoint 802 , a second waypoint 803 , 
and a third waypoint 804. In this case , the Equation 3 may 
have a form of a 3x3 matrix . 
[ 0074 ] Next , a second kinematic constraint may include a 
condition for the trajectory that the trajectory should 
smoothly connect two adjacent waypoints among the N 
waypoints defined in the Equation 3 . 
[ 0075 ] For example , a smooth trajectory connecting the 
starting point 801 and the first waypoint 802 , connecting the 
first waypoint 802 and the second waypoint 803 , connecting 
the second waypoint 803 and the third waypoint 804 , and 
connecting the third waypoint 804 and the goal point 805 
may be implemented by a minimum - snap trajectory . 
[ 0076 ] The minimum - snap trajectory should be located 
inside the 3D map and outside the obstacles as shown by the 
smooth trajectory connecting the waypoints . To this end , the 
trajectory may be regarded as a set of discrete points . In 
other words , a determination of whether the trajectory which 
is a continuous curve satisfies the kinematic constraints may 
be replaced by a determination for the set of discrete points . 
[ 0077 ] As a number of the discrete points increases , the 
difference between the continuous trajectory and the set of 
the discrete points may decrease . However , the increase in 
the number of the discrete points may require more time and 
resources for the determination process for the constraints . 
[ 0078 ] Therefore , through there is no limitation on a time 
interval between timings corresponding to two adjacent 
discrete points , it is preferable to generate the discrete points 
such that the time interval between the timings correspond 
ing to adjacent discrete points is in a range from 0.05 
seconds to 0.2 seconds to facilitate the checking of whether 
or not the constraints are satisfied while consuming moder 
ate time and resources . 
[ 0079 ] For example , assuming that the flight time required 
to travel from the starting point 801 and the first waypoint 
802 is determined to be one second based on the current state 
information of the unmanned aerial vehicle and the discrete 
points are generated in the trajectory every 0.1 seconds , nine 
discrete points may be generated in a corresponding trajec 
tory segment . It is possible to accurately determine whether 

[ Equation 5 ] 

[ 0083 ] Here , * x * , ' denotes a most optimal waypoint , i.e. , 
a best solution , that a particle “ s'has experienced . ‘ x * , ' may 
denote a most optimal waypoint that all the particles have 
experienced , and ‘ c? ' and ̀ cz'may denote weighting factors 
that adjust weights of the own experience of the single 
particle and the experience of other particles . ‘ r? ' and rz ' 
may denote uniform random variables having a value in a 
range between 0 and 1 . 
[ 0084 ] Further , ‘ K’denotes an inertia weight and functions 
an important role in the optimization , that is , in the conver 
gence of the particle swarm optimization algorithm . A large 
inertia weight may cause the particle ' s ' to take the past 
experience more importantly than a new exploration when 
determining its next position . 
[ 0085 ] Contrarily , a small inertia weight may make the 
particle “ s ' to take a new experience obtained through an 
exploration more importantly than the pat experience when 
determining its next position . There is no limitation on how 
to set the inertia weight and , for example , an inertia weight 
decreasing with time may be applicable . However , a con 
stant inertia weight may be used as well . Also , it may be 
desirable to determine the inertia weight by appropriately 
taking into account the experience and the exploration 
jointly according to circumstances or conditions . 
[ 0086 ] Next , the optimal path generating apparatus of the 
unmanned aerial vehicle may determine whether the termi 
nation condition is satisfied S707 . If it is determined that the 
termination condition is not satisfied , the process returns to 
the operation S701 and the optimal path generating appa 
ratus may acquire the current state information of the 
unmanned aerial vehicle that may have been changed . 
[ 0087 ] Meanwhile , if it is determined in the operation 
S707 that the termination condition is satisfied and new 
current state information is not required any more , the 
optimal path generating apparatus may generate an optimal 
path comprised of optimal waypoints according to an opti 
mization result in step S708 . 
[ 0088 ] The optimal path may be the minimum - snap tra 
jectory . When the process of repeatedly updating the posi 
tion vectors and the velocity vectors of particles is com 
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pleted , the position vectors of the particles may correspond 
to the positions of the N waypoints . 
[ 0089 ] Thus , the result of the optimization using the 
Equation 1 can be expressed by the Equation 3 correspond 
ing to the positions of the N waypoints . In other words , the 
optimal path generating apparatus may return the set of 
optimal waypoints corresponding to the most optimal way 
points ‘ x * , ' the particles have experienced and generate a 
final trajectory which may be the minimum - snap trajectory 
connecting the optimal waypoints smoothly . The minimum 
snap trajectory generated as above can be the optimal path 
for the unmanned aerial vehicle . 
[ 0090 ] The termination condition may be determined to be 
satisfied when a standard deviation of the fitness values 
calculated for the last 20 times is within a preset tolerance 
range , for example . 
[ 0091 ] According to the present embodiment , the optimal 
path for the unmanned aerial vehicle may be generated by 
establishing the integrated path plan taking into account a 
smooth trajectory to be generated in advance when deter 
mining the N waypoints . 
[ 0092 ] FIG . 9 is a block diagram of the optimal path 
generating apparatus of the unmanned aerial vehicle accord 
ing to another embodiment of the present disclosure . 
[ 0093 ] Referring to FIG . 9 , the optimal path generating 
apparatus 900 of the unmanned aerial vehicle ( hereinbelow , 
referred to as “ optimal path generating apparatus ” ) may be 
installed in the unmanned aerial vehicle . However , the 
optimal path generating apparatus 900 may be used in a state 
being separated from the unmanned aerial vehicle as well . 
The optimal path generating apparatus 900 may include a 
receiving unit 920 receiving the terrain information in the 
3D map and the current state information of the unmanned 
aerial vehicle and a processor 910 establishing the integrated 
path plan by generating the N waypoints and the trajectory 
connecting the waypoints by the particle swarm optimiza 
tion algorithm to generate the optimal path for the unmanned 
aerial vehicle . 
[ 0094 ] The receiving unit 920 may receive or input the 
terrain information in the 3D map and the current state 
information of the unmanned aerial vehicle from outside . 
Here , the terrain information in the 3D map may include 
information on the terrain in the 3D map and obstacles to be 
avoided when the path is generated . The current state 
information may include an initial position , a current posi 
tion , a velocity , an orientation , and an orientational angular 
velocity of the unmanned aerial vehicle . The receiving unit 
920 may provide the received information to the processor 
910 . 
[ 0095 ] The receiving unit 920 may receive a map includ 
ing the surrounding terrain information , the current state 
information of the unmanned aerial vehicle , and detection 
information of a sensor mounted on the unmanned aerial 
vehicle . To this end , the receiving unit 920 may be con 
nected to a module located inside or outside the unmanned 
aerial vehicle and recognizing the surrounding or an external 
environment of the unmanned aerial vehicle , a module 
controlling the flight of the unmanned aerial vehicle , or a 
sensor 930 through an internal communication interface , a 
short - range wireless communications network , a mobile 
communications network , a satellite communications net 
work , or a combination thereof . The sensor may include an 
object detection sensor , a distance detection sensor , a pos 
ture detection sensor , a speed detection sensor , and the like . 

[ 0096 ] More specifically , the receiving unit 920 may 
include a communication module 921 and an input stage 
922. The communication module 921 may support a plural 
ity of communication protocols . The communication proto 
col is a system of formats and rules that allows computers 
and communication devices spaced apart to transmit and 
receive signals and data and may include a signaling system , 
an authentication function , and an error detection and cor 
rection function . The receiver 920 may support the commu 
nications through the short - range wireless communications , 
the mobile communications , the satellite communications , 
or a combination thereof . The input stage 922 may include 
means for converting an input analog signal or a digital 
signal into a digital signal that can be processed by the 
processor 910 or a configuration corresponding to such 
means . The configuration may include an analog - to - digital 
converter , a digital - to - digital converter , a filter , an amplifier , 
or a combination thereof . 
[ 0097 ] The processor 910 may be an entity generating the 
optimal path by using the particle swarm optimization 
algorithm . The processor 910 may populate an arbitrary 
number of particles on the 3D map where the unmanned 
aerial vehicle exists or will exist such that the particles are 
distributed uniformly on the 3D map to use for the particle 
swarm optimization algorithm by executing the modules 
911-917 loaded therein . The processor 910 may set the 
position vectors and the velocity vectors of the particles and 
may perform a process of repeatedly updating the position 
vectors and the velocity vectors of the particles while 
calculating the fitness for the particles . In addition , the 
processor 910 may generate the minimum - snap trajectory 
using the returned optimal waypoints set when the termina 
tion condition is satisfied and output the minimum - snap 
trajectory as the optimal path for the unmanned aerial 
vehicle . 
[ 0098 ] To this end , the processor 910 may include a first 
acquisition unit 911 acquiring the terrain topographic infor 
mation in the map , a second acquisition unit 912 acquiring 
the current state information of the unmanned aerial vehicle , 
and a generation unit 917 establishing the integrated path 
plan and generating the optimal path comprised of the 
optimal waypoints . 
[ 0099 ] In addition , the processor 910 may include a par 
ticle distribution processing unit 913 , a setting unit 914 , and 
a calculation unit 915 , all of which may be provided in the 
generation unit 917 which generates the optimal path . The 
particle distribution processing unit 913 may distribute an 
arbitrary number of particles on the 3D map to use the 
particle swarm optimization algorithm when the integrated 
path plan is established for the first time . The setting unit 914 
may set the initial position vectors and the velocity vectors 
of the particles . The calculation unit 915 may calculate the 
fitness function for the particles . 
[ 0100 ] The processor 910 may further include an updater 
916 that updates the positions and the velocity vectors of the 
particles when it is not the first time that the integrated path 
plan is established . An output stage of the updater 916 may 
be connected to an input stage of the calculation unit 915 
calculating the fitness function values for the particles . 
[ 0101 ] The first acquisition unit 911 , the second acquisi 
tion unit 912 , the particle distribution processing unit 913 , 
the setting unit 914 , the calculation unit 915 , the updater 
916 , or a combination thereof may be implemented by one 
or more software modules mounted on the processor 910 . 
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Also , the first acquisition unit 911 , the second acquisition 
unit 912 , the particle distribution processing unit 913 , the 
setting unit 914 , the calculation unit 915 , the updater 916 , or 
a combination thereof may be implemented to be stored in 
a recording medium and loaded onto the processor 910 in 
response to a task triggering event for generating the optimal 
path to perform respective functions . 
[ 0102 ] In the optimal path generating apparatus , the acqui 
sition units 911 and 912 may receive the maps including the 
surrounding terrain information , the current state informa 
tion of the unmanned aerial vehicle , and the detection 
information of the sensor mounted on the unmanned aerial 
vehicle . The particle distribution processing unit 913 may 
populate an arbitrary number of particles , on the 3D map 
including the obstacle , between the starting point and the 
goal point set based on the current state information . The 
setting unit 914 may set the initial position vectors and the 
velocity vectors of the particles . The updater 915 may 
update the position vectors and the velocity vectors of the 
particles . The calculation unit 916 may calculate the fitness 
function value based on the position vectors and the velocity 
vectors of the particles . The generation unit 917 may estab 
lish the integrated path plan that generates one or more 
waypoints between the starting point and the goal point with 
taking the trajectory connecting the adjacent waypoints into 
account , and may generate the trajectory connecting the 
starting point , the one or more waypoints , and the goal point 
under the integrated path plan by the particle swarm opti 
mization algorithm . 
[ 0103 ] In particular , the calculation unit may calculate the 
sum of the weights when the constraints including the 
kinematic conditions are satisfied and the sum of the per 
formance index to be minimized in the unmanned aerial 
vehicle . Here , the performance index may be calculated by 
the sum of the shortest distances between adjacent particles . 
The constraints may be conditions for generating the optimal 
path while avoiding the surrounding obstacles and generat 
ing a dynamically feasible path . 
[ 0104 ] The constraints may include a first condition , 
which is a kinematic condition , that a plurality of waypoints 
are positioned inside the 3D map boundary but outside the 
obstacles — where , the first condition may be expressed by 
an NxN matrix when the number of the waypoints is N and 
a second condition , which is a trajectory condition , that any 
two adjacent waypoints among the N waypoints are to be 
connected by a minimum - snap trajectory . 
[ 0105 ] The generation unit may generate the optimal way 
points based on the positions having the optimal values and 
may determine the trajectory connecting the optimal way 
points as the optimal path of the unmanned aerial vehicle . 
[ 0106 ] FIG . 10 illustrates an example of a simulation 
environment that may be used for the optimal path gener 
ating apparatus of the unmanned aerial vehicle shown in 
FIG . 9. FIG . 11 illustrates a result of recognizing obstacles 
by the unmanned aerial vehicle in the environment of FIG . 
10 . 
[ 0107 ] A simulation according to the present embodiment 
was performed in a Gazebo simulator , which is a virtual 
physical simulator based on a robot operating system ( ROS ) , 
for the task of generating the optimal path of the unmanned 
aerial vehicle . 
[ 0108 ] A shape of the terrain with protruding obstacles 
510 existing in the 3D map is shown in FIGS . 10 and 11 
assuming that there exist four cylinder - shaped obstacles 510 

with a length of 5 meter ( m ) and a radius of 0.4 m in a space 
of 25 mx10 mx3 m of the map . In the present embodiment , 
the shape of the terrain in which the obstacles 510 are 
located should be taken into account when the optimal path 
for the unmanned aerial vehicle 500 is generated . 
[ 0109 ] In other words , an environment recognition mod 
ule , the unmanned aerial vehicle model which is a virtual 
control object , and a control system may be required to 
evaluate a complete path generation method of the 
unmanned aerial vehicle 500 in addition to the path plan 
generated by a flight path generation system including the 
optimal path generating apparatus according to the present 
embodiment . 
[ 0110 ] Accordingly , in the present embodiment , a 3D 
occupancy grid map representing the obstacles in the map 
was generated using OctoMap libraries and used as the 
environment recognition module . The 3D occupancy grid 
map was generated at a grid spacing of one meter , and a 
Hokuyo laser range finder was used as a sensor to detect the 
obstacles . The maximum range of the sensor was set to ten 
meters . An output of the sensor may represent a probability 
value ranging from 0 to 1 indicating whether there exists an 
obstacle at an arbitrary point in the space . The 3D occupancy 
grid map was generated in advance by determining that there 
exists an obstacle at a point in the space when the probability 
value for the point is greater than 0.5 . 
[ 0111 ] A 3DR iris quadcopter model including even a first 
order drag effect in the kinematic equation was used as the 
unmanned aerial vehicle model . 
[ 0112 ] The control system was implemented based on PX4 
firmware v190 which is an open source . Referring back to 
FIGS . 10 and 11 , the coordinates of the starting point and the 
goal point may be set to ( 0 m , 0 m , 15 m ) and ( 19 m , -1 m , 
25 m ) , respectively . In such a case , the optimal path gener 
ating apparatus may determine that three waypoints are 
required between the starting point and the goal point in 
consideration of the distance between the starting point and 
the goal point and the shape of the terrain with the obstacles 
510. Thus , the optimal path generating apparatus may deter 
mine the positions of the three waypoints by performing the 
optimal path generation method described above with ref 
erence to FIG . 7 . 
[ 0113 ] FIGS . 12A and 12B illustrate simulation results in 
the environment having the obstacles shown in FIGS . 10 and 
11 . 
[ 0114 ] The simulation results shown in al , a2 , bl , and b2 
of FIGS . 12A and 12B are snapshots taken every 2 seconds 
during the simulation . The square shaped points indicates 
the positions of the starting point , the goal point , and the 
waypoints between them , and the solid line or the dotted line 
connecting the starting point , the waypoints , and the goal 
point is a spline or a smooth curve passing near two adjacent 
waypoints . The positions of the three waypoints are deter 
mined by the optimal path generation method according to 
the present embodiment . It can be seen that both the square 
shaped points of the waypoints and the line between them 
are located inside the map boundary and outside the 
obstacles due to the kinematic constraints taken into account 
in the present embodiment . 
[ 0115 ] In the present embodiment , the number of itera 
tions until the particle swarm optimization converges was 
fifty two , and the calculation time elapsed in a notebook 
computer equipped with a 260 GHz Intel i7 CPU processor 
was 0.42 seconds . The coordinates of the three waypoints 
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determined as a result of the optimization were ( 707 m , 132 
m , 294 m ) , ( 936 m , 042 m , 281 m ) , and ( 1748 m , -113 m , 
269 m ) , respectively . 
[ 0116 ] FIG . 13 show graphs representing time response 
characteristics of state variables among the simulation 
results of FIGS . 12A and 12B . FIG . 14 illustrates a planned 
path and an actual trajectory among the simulation results of 
FIGS . 12A and 12B . 
[ 0117 ] FIG . 13 shows temporal variations of the states of 
the unmanned aerial vehicle including the position , the 
velocity , the orientation expressed by Euler angles , and the 
orientational angular velocity of the unmanned aerial vehicle 
during the simulation process according to the optimal path 
generation method of the present embodiment . 
[ 0118 ] In FIG . 13 , a thick dotted line indicates the desired 
path generated by the integrated path planning according to 
the present embodiment , while a thin solid line indicates the 
actual trajectory of the unmanned aerial vehicle . 
[ 0119 ] That is , as shown in FIG . 14 , the unmanned aerial 
vehicle can fly the desired path and the actual trajectory in 
the three - dimensional space with avoiding the obstacles 
detected using its own sensor . 
[ 0120 ] As described above , according to the optimal path 
generating apparatus and method in the unmanned aerial 
vehicle according to the present embodiment , the unmanned 
aerial vehicle can generate the trajectory suitable for flight 
while avoiding the collision with the obstacles on the 3D 
map and fly along the trajectory . 
[ 0121 ] Various embodiments of the present disclosure are 
not intended to show all possible combinations , but are 
intended to describe representative aspects of the present 
disclosure . The features described with regard to the various 
embodiments may be applied independently , but may be 
applied in combination of two or more of associated features 
also . 
[ 0122 ] Various embodiments of the present disclosure 
may be implemented by hardware , firmware , software , or a 
combination thereof . In case of the hardware implementa 
tion , the embodiments may be implemented by one or more 
application - specific integrated circuits ( ASICs ) , digital sig 
nal processors ( DSPs ) , digital signal processing devices 
( DSPDs ) , programmable logic devices ( PLDs ) , field pro 
grammable gate arrays ( FPGAs ) , general purpose proces 
sors , controllers , microcontrollers , or microprocessors . Also , 
the various embodiments may be implemented in a form of 
a program stored in a non - transitory computer readable 
medium that can be used in a terminal or an edge or a 
program stored in a non - transitory computer readable 
medium that can be used in a cloud or an edge . For example , 
an embodiment of the present disclosure , as a shape of a 
program for generating the optimal path for the unmanned 
aerial vehicle , may be implemented in a combination of a 
single or multiple software components and a single or 
multiple hardware components . 
[ 0123 ] The scope of the present disclosure includes soft 
ware or machine - executable instructions such as an operat 
ing system , an application program and firmware which 
enables the operations according to the methods of various 
embodiments to be executed on a device or computer , and a 
non - transitory computer - readable medium which stores 
such a software or instructions to be executed on the device 
or computer . 
[ 0124 ] While exemplary embodiments have been 
described with reference to the drawings , it will be under 

stood by those of ordinary skill in the art that various 
changes and modifications can be made without departing 
from the spirit and scope defined by the following claims . 
What is claimed is : 
1. A method of generating an optimal path for an 

unmanned aerial vehicle , comprising : 
receiving , through a receiving unit , a map including 

surrounding terrain information , current state informa 
tion of the unmanned aerial vehicle , and detection 
information of a sensor mounted on the unmanned 
aerial vehicle ; 

distributing , by a processor connected to the receiving 
unit , a number of particles on a three - dimensional ( 3D ) 
map having obstacles between a starting point and a 
goal point set based on the current state information ; 

setting initial positions and velocity vectors of the par 
ticles ; 

updating positions and the velocity vectors of the par 
ticles ; 

calculating fitness function values based on the positions 
and the velocity vectors of the particles ; 

establishing an integrated path plan that generates one or 
more waypoints between the starting point and the goal 
point and takes into account a trajectory connecting 
adjacent waypoints through the setting the initial posi 
tions and the velocity vectors of the particles , the 
updating the positions and the velocity vectors of the 
particles , and the calculating the fitness function values 
based on the positions and the velocity vectors of the 
particles ; and 

optimizing the trajectory connecting the starting point , the 
one or more waypoints , and the goal point using a 
particle swarm optimization algorithm under the inte 
grated path plan . 

2. The method of claim 1 , wherein the integrated path 
planning comprises : 

a global path planning for determining at least one way 
point in consideration of geometric constraints only to 
move the unmanned aerial vehicle avoiding surround 
ing obstacles from the starting point to the goal point ; 
and 

a local path plan for connecting the at least one waypoint 
determined through the wide - area route plan by a 
smooth curve in consideration of dynamic characteris 
tics of the unmanned aerial vehicle . 

3. The method of claim 1 , wherein the terrain information 
is obtained from a module located outside the unmanned 
aerial vehicle recognizing a surrounding environment or a 
module mounted on the unmanned aerial vehicle and rec 
ognizing the surrounding environment , and includes infor 
mation on the terrain in the 3D map and information on the 
starting point and the goal point set in the 3D map , 

wherein the information on the terrain in the 3D map 
comprises information on obstacles to be avoided dur 
ing a path generation . 

4. The method of claim 1 , wherein the current state 
information is obtained from an external module controlling 
a flight of the unmanned aerial vehicle from outside the 
unmanned aerial vehicle or an internal module mounted on 
the unmanned aerial vehicle and controlling the flight of the 
unmanned aerial vehicle , and comprises an initial position , 
a current position , a velocity , an orientation , and an orien 
tational angular velocity of the unmanned aerial vehicle , 
wherein the orientation comprises orientational angles with 
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respect to three axes , and the orientational angular velocity 
comprises rotational angular speeds . 

5. The method of claim 1 , wherein the distributing of the 
particles is executed such that the particles are uniformly 
distributed at locations where the unmanned aerial vehicle 
can exist in the 3D map , the particles being candidates for 
the one or more waypoints . 

6. The method of claim 1 , wherein the setting of the initial 
positions and the velocity vectors of the particles comprises : 

setting the initial positions of the particles to arbitrary 
positions where respective particles are located at sta 
tionary states ; and setting initial velocity vectors of the 
particles to zero vector , 

wherein each of the particles distributed uniformly on the 
3D exchanges position information and the fitness 
function values with other particles on a program 
related to the integrated path plan executed on a com 
puting device , changes its position and velocity con 
tinuously based on the position information and the 
fitness values , and memorize the position , 

wherein the particles exchange information of positions 
where they have stayed with each other . 

7. The method of claim 6 , wherein the particle swarm 
optimization algorithm makes the particles to determine 
positions having optimal values on the 3D map while 
changing respective positions and velocities , 

wherein the calculating of the fitness function comprises 
calculating a total sum of a sum of weights when 
constraints including kinematic conditions are satisfied 
and a sum of a performance index to be minimized in 
the unmanned aerial vehicle , 

wherein the performance index is calculated by a sum of 
shortest distances between adjacent particles , 

wherein the constraints are conditions for generating the 
optimal path while avoiding the surrounding obstacles 
and generating a dynamically feasible path . 

8. The method of claim 7 , wherein the constraints com 
prise : 

a first condition being a kinematic condition that a plu 
rality of waypoints are positioned inside the 3D map 
boundary but outside the obstacles , the first condition 
being expressed by an NxN matrix when a number of 
the waypoints is N ; and 

a second condition being a trajectory condition that any 
two adjacent waypoints among the N waypoints are 
connected by a minimum - snap trajectory . 

9. The method of claim 1 , wherein the particle swarm 
optimization algorithm makes the particles to determine 
positions having optimal values on the 3D map while 
changing respective positions and velocities , 

wherein the optimizing of the trajectory comprises gen 
erating optimal waypoints and a trajectory connecting 
the optimal waypoints as the optimal path of the 
unmanned aerial vehicle based on the positions of the particles having the optimal values . 

10. The method of claim 1 , wherein the updating of the 
positions and the velocity vectors comprises : updating the 
velocity vector of each particle to a current velocity vector 
by adding a first value obtained by applying a first weight for 
adjusting a weight of an experience of the corresponding 
particle to a first optimal waypoint corresponding to a best 
position experienced by the corresponding particle , a second 
value obtained by applying a second weight for adjusting a 
weight of an experience of other particles to a second 

optimal waypoint corresponding to a best position experi 
enced by the particle cluster , and a third value obtained by 
applying an inertia weight to the velocity vector of the 
corresponding particle to take into account a convergence of 
the corresponding particle to the particle cluster , and 

updating the position of the corresponding particle to a 
current position according to a previous position and 
the current velocity vector of the corresponding par 
ticle . 

11. The method of claim 10 , wherein the inertia weight 
includes a first inertia weight and a second inertia weight 
smaller than the first inertia weight , 

wherein the first inertial weight is a relatively high inertia 
weight and has a tendancy that each particle takes a past 
experience more importantly than a new exploration 
when determining a next position , 

wherein the second inertial weight is a relatively small 
inertia weight and has a tendency that each particle 
takes the new exploration more importantly than the 
past experience when determining the next position . 

12. The method of claim 1 , further comprising : returning 
or outputting an optimal waypoints set for the particle 
cluster and generating a final trajectory smoothly connecting 
the waypoints in the optimal waypoints set by producing a 
minimum - snap trajectory , by the processor , when a termi 
nation condition is satisfied after the optimizing operation . 

13. An apparatus for generating an optimal path for an 
unmanned aerial vehicle , comprising : 

a receiving unit configured to receive a map including 
surrounding terrain information , current state informa 
tion of the unmanned aerial vehicle , and detection 
information of a sensor mounted on the unmanned 
aerial vehicle ; and 

a processor connected to the receiving unit and configured 
to populate an arbitrary number of particles on a 
three - dimensional ( 3D ) map having obstacles between 
a starting point and a goal point set based on the current 
state information , set initial positions and velocity 
vectors of the particles , update positions and the veloc 
ity vectors of the particles , calculate fitness function 
values based on the positions and the velocity vectors 
of the particles , and determine one or more waypoints 
between the starting point and the goal point and a 
trajectory connecting the starting point , the one or more 
waypoints , and the goal point to generate the optimal 
path . 

14. The apparatus as claimed in claim 13 , wherein the 
processor , when the setting of the initial positions and the 
velocity vectors of the particles , sets the initial positions of 
the particles to arbitrary positions where respective particles 
are located at stationary states and sets the velocity vectors 
of the particles to zero vector , 

wherein each of the particles distributed uniformly on the 
3D exchanges position information and the fitness 
function values with other particles on a program 
related to the integrated path plan executed on a com 
puting device , changes its position and velocity con 
tinuously based on the position information and the 
fitness es , and memorize the position , 

wherein the particles exchange information of positions 
where they have stayed with each other . 

15. The apparatus as claimed in claim 13 , wherein the 
particle swarm optimization algorithm executed by the pro 
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cessor makes the particles to determine positions having 
optimal values on the 3D map while changing respective 
positions and velocities , 

wherein a calculation unit mounted in the processor 
calculates a total sum of a sum of weights when 
constraints including kinematic conditions are satisfied 
and a sum of the weights and a performance index to be 
minimized in the unmanned aerial vehicle , 

wherein the performance index is calculated by a sum of 
shortest distances between adjacent particles , and 

wherein the constraints are conditions for generating the 
optimal path while avoiding the surrounding obstacles 
and generating a dynamically feasible path . 

16. The apparatus as claimed in claim 15 , wherein the 
constraints comprise : 

a first condition being a kinematic condition that a plu 
rality of waypoints are positioned inside the 3D map 
boundary but outside the obstacles , the first condition 
being expressed by an NxN matrix when a number of 
the waypoints is N , the N being a natural number , and 

a second condition being a trajectory condition that any 
two adjacent waypoints among the N waypoints are 
connected by a minimum - snap trajectory . 

17. An apparatus for generating an optimal path for an 
unmanned aerial vehicle , comprising : 

an acquisition unit configured to receive a map including 
surrounding terrain information , current state informa 
tion of the unmanned aerial vehicle , and detection 
information of a sensor mounted on the unmanned 
aerial vehicle ; 

a particle distribution processing unit configured to dis 
tribute a number of particles on a three - dimensional 
( 3D ) map having obstacles between a starting point and 
a goal point set based on the current state information ; 

a setting unit configured to set initial positions and 
velocity vectors of the particles ; 

an update unit configured to update positions and the 
velocity vectors of the particles ; 

a calculation unit configured to calculate fitness function 
values based on the positions and the velocity vectors 
of the particles ; 

a generation unit configured to establish an integrated 
path plan that generates one or more waypoints 
between the starting point and the goal point with 

taking into account a trajectory connecting adjacent 
waypoints based on the calculating the fitness function 
values based on the positions and the velocity vectors 
of the particles , and generate the trajectory connecting 
the starting point , the one or more waypoints , and the 
goal point using a particle swarm optimization algo 
rithm under the integrated path plan . 

18. The apparatus as claimed in claim 17 , wherein the 
particle swarm optimization algorithm makes the particles to 
determine positions having optimal values on the 3D map 
while changing respective positions and velocities , 

wherein the calculations unit calculates a total sum of a 
sum of weights when constraints including kinematic 
conditions are satisfied and a sum of the weights and a 
performance index to be minimized in the unmanned 
aerial vehicle , 

wherein the performance index is calculated by a sum of 
shortest distances between adjacent particles , 

wherein the constraints are conditions for generating the 
optimal path while avoiding the surrounding obstacles 
and generating a dynamically feasible path . 

19. The apparatus as claimed in claim 18 , wherein the 
constraints comprise : 

a first condition being a kinematic condition that a plu 
rality of waypoints are positioned inside the 3D map 
boundary but outside the obstacles , the first condition 
being expressed by an NxN matrix when a number of 
the waypoints is N , the N being a natural number ; and 

a second condition being a trajectory condition that any 
two adjacent waypoints among the N waypoints are 
connected by a minimum - snap trajectory . 

20. The apparatus as claimed in claim 17 , wherein the 
particle swarm optimization algorithm makes the particles to 
determine positions having optimal values on the 3D map 
while changing respective positions and velocities , 

wherein the generation unit generates optimal waypoints 
based on the positions having the optimal values and 
determines a trajectory connecting the optimal way 
points as the optimal path of the unmanned aerial 
vehicle . 


